Sphingolipids are important signaling molecules in many biologic processes, but little is known about their organelle-specific roles. Using HeLa cells, we investigated the effects of UV and etoposide-induced apoptosis on the contents of sphingomyelin (SM) and ceramide in subcellular compartments. UV irradiation of HeLa cells increased the levels of SM in all subcellular fractions, but the change was most dramatic in mitochondria. Using diacylglycerol kinase assays to quantify ceramide, we found that the levels of ceramide in mitochondria increased as early as 2 h after UV irradiation and remained elevated at 6 h. The increase in mitochondrial SM and ceramide was inhibited by D609, an inhibitor of sphingomyelinase and SM synthase. The inhibition of sphingolipid production correlated with protection of the mitochondrial transmembrane potential and prevention of cytochrome c release following UV irradiation. In contrast, myriocin, an inhibitor of the de novo ceramide synthesis pathway, only partially suppressed the production of ceramides in mitochondria and cannot suppress UV-induced apoptosis. Fumonicin B1, an inhibitor of ceramide synthase, can only prevent mitochondrial ceramide synthesis and UV-induced apoptosis in a small degree. These results indicate that mitochondrial ceramide production in UV-irradiated HeLa cells is not mediated by the de novo synthesis pathway, but mainly through SM hydrolysis.
Introduction
Apoptosis, or programmed cell death, is a fundamental process in development and tissue homeostasis. At the cellular level, integration of apoptotic pathways occurs within the mitochondria (Brenner and Kroemer, 2000; Desagher and Martinou, 2000; Wang, 2001; Newmeyer and Ferguson-Miller, 2003) . Several apoptotic mediators translocate to mitochondria, including Bax, Bid and Bim of the Bcl-2 family (Cory and Adams, 1998; Adams and Cory, 2001 ), Jun kinase Ito et al., 2001) , protein kinase C-d (Li et al., 1999; Majumder et al., 2000) , p53 (Marchenko et al., 2000; Sansome et al., 2001 ) and the orphan nuclear receptor TR3 . During apoptosis, cytochrome c is released to the cytoplasm, where it interacts with Apaf-1 to activate apoptosomes and caspase cascades (Li et al., 1997) . Other mitochondrial apoptogenic factors include HtrA2/Omi (Suzuki et al., 2001) , Smac/DIABLO (Du et al., 2000; Verhagen et al., 2000) , apoptosis-inducing factor (AIF) (Susin et al., 1999) and endonuclease G Parrish et al., 2001 ). All the above mediators are proteins. Changes in mitochondrial lipids during apoptosis remain undefined.
Ceramide, a member of the sphingolipid family, is a well-known stress response mediator (Obeid et al., 1993; Hannun, 1996) . Downstream effectors of ceramide include protein kinases and phosphatases that are involved in cell proliferation, survival and apoptosis . Ceramide modulates mitochondrial function. Treatment of isolated mitochondria with ceramide inhibits mitochondrial respiratory complex III (Garcia-Ruiz et al., 1997) , disrupts mitochondrial potential and induces cytochrome c release Richter and Ghafourifar, 1999) . Overexpression of apoptotic inhibitors of the Bcl-2 family prevents ceramide-induced disruption of mitochondrial potential and cytochrome c release Richter and Ghafourifar, 1999) , suggesting that Bcl-2 regulates an event that is downstream of ceramide-induced apoptosis.
Ceramide is synthesized into two primary pathways. The de novo synthesis pathway starts with conversion of L-serine and palmitoyl-CoA to sphinganine by serine pamitoyltransferase (SPT). Subsequently, sphinganine was reduced to dihydroceramide and then converted to ceramide (Merrill, 2002) . The salvage pathway produces ceramide from sphingosine by ceramide synthase. Other ceramide derivatives can also be converted back to ceramide. Sphingomyelin (SM), a structural component of membranes, is converted to ceramide by sphingomyelinase (SMase), and glucosylceramide and galactosylceramide are converted by cerebrosidase Pettus et al., 2002) . Among them, hydrolysis of SM has received the most attention in cellular stress responses. Many stimuli, including tumor necrosis factor-a (TNF-a), Fas ligand, g-irradiation and chemotherapeutic agents, activate SMase to generate ceramide and phosphocholine Kirschnek et al., 2000; Luberto et al., 2000) . Mice deficient in acidic SMase are defective in radiation-induced apoptosis (Santana et al., 1996) and TNF-a-induced hepatocellular apoptosis. (Garcia-Ruiz et al., 2003) This confirmed the importance of SM hydrolysis in apoptosis. The importance of glycosphingolipids has been shown in colon epithelial proliferation by modulating b-catenin pathway (Schmelz et al., 2000 (Schmelz et al., , 2001 .
SPT, the first enzyme of the de novo ceramide synthesis pathway, is activated during apoptosis (Perry et al., 2000b) , and mutations of the long-chain base subunit 1 of SPT are associated with type I hereditary sensory neuropathy (Dawkins et al., 2001; Bejaoui et al., 2002) . Intriguingly, the mutations lead to a diminished SPT activity due to a dominant-negative effect (Bejaoui et al., 2002) . Although it is unclear whether the decreased SPT activity is related with enhanced apoptosis in sensory neurons, it is possible that dysregulation of ceramide synthesis may play a role in enhanced apoptosis of the sensory neurons (Linn et al., 2001; Merrill, 2002) .
It is important to identify the localization of SM hydrolysis and the organelles targeted by ceramide in apoptosis. Although SM is abundant in the plasma membrane, hydrolysis of plasma membrane SM by exogenous addition of SMase did not induce apoptosis, suggesting that SM in the plasma membrane may not be involved in this process (Linardic and Hannun, 1994; Zhang et al., 1997) . When bacterial SMase was expressed in cells and targeted to various organelles, only that targeted to mitochondria induced apoptosis , implying that mitochondrial SM is the main source for the production of ceramide in apoptosis. Identification of mitochondrion-specific ceramide synthase (Shimeno et al., 1998) and ceramidase (El Bawab et al., 2000) suggests that mitochondria may have the necessary enzymes for SM metabolism. In this report, we investigate changes of mitochondrial ceramide during UV and etoposide-induced apoptosis in HeLa cells.
Results

UV-irradiation stimulates production of mitochondrial sphingomyelin
In order to analyse the global changes of phospholipids in UV-induced apoptosis, we labeled HeLa cells with [ 32 P]orthophosphate overnight, and then performed subcellular fractionation 4 h after UV irradiation. The various subcellular fractionations were examined by Western blotting with antibodies against voltage-dependent anion channel (VDAC) and tubulin ( Figure 1a ). Thin layer chromatography (TLC) analysis of the lipids extracted from each subcellular fraction revealed that phosphatidylethanolamine (PE) and phosphatidylcholine (PC) were the two most abundant phospholipids, but their levels did not change by UV irradiation after normalization to total phospholipids. A new spot appeared in mitochondria after UV irradiation (marked by a star, Figure 1b) . According to the pattern of migration, we suspected that it could be SM. To test whether this UV-induced spot was SM, we incubated HeLa cells with [ 3 H]choline overnight to label PC and SM, and performed subcellular fractionation 4 h after UV irradiation as was done in Figure 1a and b. Only PC was observed in the unirradiated samples; the level of PC was unchanged by UV irradiation. [
3 H]cholinelabeled SM appeared only after UV irradiation, and was most abundant in mitochondria, suggesting that the mitochondria were the major organelles for production 32 P]orthophosphate overnight, irradiated with UV, and then harvested at 4 h for subcellular fractionation. Lipids were extracted from each fraction, analysed by TLC and visualized with iodine staining and autoradiography. Radioactive PC and PE standards were used for comigration. The spot marked by the star is one that appeared after UV irradiation. (c) Analysis of SM in subcellular fractions. HeLa cells were labeled with of SM in apoptosis (Figure 1c ). TLC analysis of lipids revealed that the lower spots (SM) disappeared after SMase treatment whereas the upper spots (PC) remained undigested (right panel, Figure 1c) (Figure 1d) . A time course analysis using this method showed that the level of SM began to increase at 2 h after UV irradiation and continued to increase to at least 6 h ( Figure 1e ).
Increase of mitochondrial ceramide in apoptosis
The previous results led us to focus on mitochondrial sphingolipids in apoptosis. Therefore, we determined the level of mitochondrial ceramide during apoptosis induced by UV irradiation and etoposide. We first established the kinetics of UV-induced apoptosis with well-established apoptotic markers. MTT assays showed that cell viability steadily decreased after UV irradiation to 77, 38 and 26% at 2, 4 and 6 h, respectively ( Figure 2a ). Treatment with etoposide for 24 h also induced a dose-dependent killing ( Figure 2b ). Mitochondrial transmembrane potential was disrupted in both conditions (Figure 2c and d). Western analysis of the isolated cytoplasm confirmed that cytochrome c was released after UV irradiation (Figure 2e and f). These results also suggested that cell death we observed was due to apoptosis rather than necrosis. PI staining and flow cytometry confirmed an increased sub-G 0 population (below) after UV irradiation.
To determine whether there was a corresponding increase in ceramide, we extracted lipids from isolated mitochondria to quantify ceramide using the DGK method. TLC showed that three lipids were phosphorylated by DGK, that is, DAG, ceramide doublets that represent the long chain (C 16 ) and very long chain (C 24 ) ceramides (Figure 3a) , and a slow-migration lipid that could be monoacylglycerol. UV irradiation quickly increased both DAG and ceramide in mitochondria by There was an early increase of DAG and ceramide at 4 h after etoposide treatment, and a late elevation occurring between 24 and 48 h (Figure 3b and d) . The increase of mitochondrial ceramide corresponds to the apoptotic features shown in Figure 2a -f. Therefore, both UV irradiation and etoposide treatment induced mitochondrial ceramide production in a time course consistent with apoptosis.
D609 blocks mitochondrial SM and ceramide synthesis and prevents UV-induced apoptosis
To study the mechanism of mitochondrial ceramide production, we used inhibitors of sphingolipid metabolism and examined their effect on apoptosis and ceramide production. Tricyclodecan-9-yl-xanthate (D609) is an inhibitor of PC-specific phospholipase C (Schutze et al., 1992; Cowen et al., 1996) . It was shown that D609 also inhibits both SM synthase and SMase activities (Luberto and Hannun, 1998) . We incubated HeLa cells with 50 mM D609 for 2 h prior to UV irradiation, and quantified the percentage of apoptotic cells using PI staining and flow cytometry. Without D609, UV increased the percentage of apoptotic cells from 2.21% in control to 16.13% at 2 h, 17.15% at 4 h and 24.1% at 6 h. With D609, the baseline level of cell death without UV irradiation increased to 9.65%, indicating a baseline toxicity to these cells. After UV irradiation, the percentages of apoptotic cells were all lower in D609-pretreated cells than without D609 treatment, indicating that D609 suppressed UV-induced apoptosis (Figure 4a ). D609 also prevented disruption of the mitochondrial transmembrane potential as shown (Figure 4b ). Western blotting of the cytoplasm confirmed that UV-induced cytochrome c release was suppressed by D609 (Figure 4c ).
We next examined the effect of D609 on the amounts of mitochondrial SM and ceramide following UV irradiation. SM was determined using [
3 H]choline labeling as described previously. UV irradiation did not increase mitochondrial SM in the presence of D609, indicating that mitochondrial SM synthesis was blocked (Figure 4d ). We then studied mitochondrial ceramide by DGK assays. The increase of ceramide after UV irradiation was also blocked by D609 treatment (Figure 4e ), suggesting that SM hydrolysis is important for production of mitochondrial ceramide in UVinduced apoptosis.
Role of de novo ceramide synthesis in mitochondria
Ceramide is also produced through the de novo synthesis pathway. To determine whether de novo ceramide synthesis contributes to mitochondrial ceramide production, we used myriocin to block SPT, the first enzyme of the de novo synthesis pathway, and examined its effect on apoptosis. PI staining and flow cytometry analysis showed that myriocin did not suppress UVinduced apoptosis (Figure 5a) . Analysis of the cytoplasm by Western blotting also revealed that UV irradiation still induced cytochrome c release in the presence of myriocin (Figure 5b ). We labeled HeLa cells with [ 14 C]serine and determined the amount of metabolically labeled ceramide, which represented ceramide turnover during the period of labeling. Without myriocin, the 14 C activity of total ceramide increased after UV irradiation. With myriocin, the total activity of ceramide still increased but to a smaller degree (Figure 5c ). This finding suggests that suppression of the de novo synthesis pathway was insufficient to prevent UV-induced apoptosis. When examining the total amount of mitochondrial ceramide by DGK methods, we found that total ceramide was decreased by myriocin, consistent with the blockade of the de novo synthesis pathway (Figure 5d ).
Role of the salvage pathway in UV-induced apoptosis
Another way to generate ceramide is through the enzyme ceramide synthase in the salvage pathway. We used fumonicin B1 (FB1), an inhibitor of ceramide synthase, to study the contribution of the salvage pathway in mitochondrial ceramide production in UVinduced apoptosis. PI staining and flow cytometry analysis revealed that FB1 was also slightly toxic to HeLa cells with base-line apoptosis increased from 2.48% without FB1 and 9.71% with FB1 (Figure 6a) . At 2 h after UV irradiation, apoptosis increased from 2.48 to 16.58% without FB1, and from 9.71 to 13.14% with FB1. At later time points, FB1 also lowered the percentages of UV-induced apoptosis but it could not completely suppress apoptosis (Figure 6a) , indicating that the salvage pathway played a role but was not as important as SM hydrolysis in mitochondria during UV-induced apoptosis. This was supported by the observation that FB1 did not alter the UV-induced disruption of the mitochondrial transmembrane potential (Figure 6b) . Analysis of the cytoplasmic fractions confirmed the release of cytochrome c in cells treated with UV and/or FB1 (Figure 6c ). Quantification of mitochondrial ceramide by the DGK assay showed that FB1 did not suppress the increase of ceramide after UV-irradiation (Figure 6d ), indicating that ceramide synthase plays a minimal role in UV-induced mitochondrial ceramide production compared with SM hydrolysis.
Discussion
Ceramide plays a critical role in many biologic processes. One mechanism by which ceramide contributes to its diverse biologic roles is through differences in the kinetics of and localization of ceramide production. Current data suggest that ceramide generated in mitochondria induces apoptosis. (Birbes et al., , 2002 . In this study, we performed subcellular fractionation of UV-irradiated cells and found that mitochondria had the most dramatic increase of ceramide and SM. The increase in ceramide and SM corresponds to changes in common apoptotic parameters, such as disruption of mitochondrial transmembrane potential and release of cytochrome c. This study is consistent with the finding that only mitochondrion-targeted SMase induces apoptosis . Hence, the mitochondrial pool of SM is responsible for the ceramide that induces apoptosis, and only ceramide generated in the mitochondria induces apoptosis.
Ceramide production is mediated by the de novo synthesis from serine and palmitoyl-CoA, or by ceramide synthase from sphingosine in the salvage pathway Merrill, 2002) . Ceramide can also be synthesized through hydrolysis of The phosphorylated ceramides were separated by TLC, and ceramides were quantified by scintillation counting SM by SMase or from glucosylceramide by cerebrosidase Pettus et al., 2002) . We examined these pathways using three pharmacologic inhibitors, myriocin, D609 and FB1. D609, an inhibitor of SMase, was the most effective agent in blocking UV-induced apoptosis. FB1, an inhibitor of ceramide synthase, was only slightly effective in suppressing UV-induced apoptosis. Although we cannot rule out the contribution from ceramide synthase that is insensitive to FB1 , our data imply that UV-induced apoptosis is mainly associated with production of ceramide by SM hydrolysis in the mitochondria. Myriocin, an inhibitor of SPT, blocked the de novo synthesis of ceramides, but did not fully prevent UV-induced apoptosis. These results suggest that the de novo synthesis pathway is not the main source of mitochondrial ceramide in UV-induced apoptosis. This pathway has been shown to be important in apoptosis induced by chemotherapeutic agents, including etoposide (Perry, 2000; Perry et al., 2000b) , which induces apoptosis with a slower kinetics than UV irradiation (Figure 2 ). In contrast, UV-induced apoptosis has a much faster kinetics and cells become apoptotic after 2 h, and the production of ceramide is mainly through the salvage pathway. It is thus likely that different apoptotic stimuli activate different pathways to produce mitochondrial ceramide.
Our UV source delivered 73% UVB, 27% UVA and very low UVC (0.01%). Different wavelength of UV radiation may result in different responses in ceramide. Grether-Beck et al. found that UVA irradiation increased intracellular ceramide in keratinocytes, but there was no activation of either SMase or the de novo ceramide synthesis. They discovered that single oxygen can induce ceramide production in protein-free SMcontaining liposomes. Therefore, ceramide could be produced in a nonenzymatic pathway that was previously uncharacterized (Grether-Beck et al., 2000) . The effect of UVB has also been analysed in keratinocytes (Uchida et al., 2003) . UVB increased de novo ceramide synthesis within 8 h, but did not change SM hydrolysis. The enhanced de novo synthesis was thought to be mediated by increased activity of ceramide synthase rather than serine palmitoyltransferase (Uchida et al., 2003) . In a different study using melanoma cells, it was even reported that ceramide did not act as a second messenger for UV-induced apoptosis (Deng et al., 2002) . Here, we used HeLa cells and a source delivering mainly UVB and achieved a completely different result. Hence, the sphingolipid pathway is a complicated system that both UV wavelength and cell types determine intracellular sphingolipid responses.
We observed a biphasic increase in ceramide as was reported (Sumitomo et al., 2002) . Sumitomo et al. examined etoposide-induced apoptosis and found that the early phase of ceramide production was due to de novo ceramide synthesis, and that the later phase was due to SM hydrolysis. They proposed that ceramide induced translocation of protein kinase C-d (PKC-d) to mitochondria to amplify the apoptotic response, in addition to inducing cytochrome c release and disrupting mitochondrial potential (Sumitomo et al., 2002) . In the current study, ceramide accumulation after UV-induced apoptosis was mediated by a different mechanism from etoposide treatment, since the early phase of UV-induced ceramide increase is due to SM hydrolysis (shown by inhibition with D609, but not by myriocin). As blocking PKC-d with rottlerin prevents UV-induced apoptosis (Li et al., 1999; Fujii et al., 2000; Denning et al., 2002; Liu et al., 2003) , PKC-d is clearly an important part of ceramideinduced apoptosis.
The dramatic elevation of DAG along with ceramide in mitochondria is another interesting finding (Figure 3 ). DAG is a cofactor for activation of PKC-d, which translocates to mitochondria and is essential for UVinduced apoptosis. Thus, the increase of mitochondrial DAG in apoptosis clearly has an important role by activation of PKC-d. DAG is a product of SM synthase, which converts PC and ceramide to SM and DAG . Utilization of this pathway was supported by our observation that both SM and DAG increased during apoptosis. However, very little corresponding change was seen in PC in mitochondria (Figure 1b) , and the amount of DAG was more than five-fold higher than ceramide (Figure 3a,b) . We thus suspected that there could be other pathways that generated DAG during UV-induced apoptosis. The potential mechanisms include hydrolysis of phosphatidylinositides by phospholipase C, and hydrolysis of phosphatidic acid (PA) by PA phosphatases (Hodgkin et al., 1998) . However, changes of these enzymes in mitochondria have not been investigated.
In conclusion, mitochondria have an increased level of DAG and ceramide during UV and etoposideinduced apoptosis. Activation of mitochondrial SM synthesis and hydrolysis to ceramide is the most important source of apoptotic ceramides after UV irradiation. D609, a SM synthase and SMase inhibitor, blocks mitochondrial ceramide generation, protects mitochondrial transmembrane potential and inhibits cytochrome c release. H]choline chloride (1 mCi, 85 mCi/mmol), [g- 32 P]ATP (10 mCi/ml, 3000 Ci/mmol) were from NEN Life Science Products (Boston, MA, USA). SMase, D609, myriocin and F B1 were from Calbiochem (San Diego, CA, USA). Cytochrome c and tubulin monoclonal antibodies were from BD Bioscience (San Diego, CA, USA). The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) cell viability kit was from Chemicon International Corp. (Temecula, CA, USA). JC-1 was from Molecular Probes (Eugene, OR, USA). The sn-1,2-diacylglycerol (DAG) assay kit was from Amersham-Pharmacia Biotech (Piscataway, NJ, USA). Whatman TLC plates were from Fisher Scientific Inc. (Pittsburgh, PA, USA).
Materials and methods
Materials
Subcellular fractionation
Cells were washed once with mitochondria isolation buffer (MIB) containing 200 mM mannitol, 70 mM sucrose, 1 mM EGTA and 10 mM HEPES (pH 7.4). The subcellular fractionation was performed as described (Liu et al., 2003) . Fractionation was then confirmed by Western blotting with antibodies against VDAC (Affinity BioReagents, Inc., Golden, CO, USA) and tubulin antibodies (Santa Cruz Technology, Inc., Santa Cruz, CA, USA).
Cell viability and apoptosis assays
Apoptosis was induced by treatment with etoposide (10-50 nM) or irradiation with unfiltered UV-B lamps (FS20T12-UVB; National Biological Corp., Twinsburg, OH, USA) at 4 J/ m 2 /s over 2 min. These bulbs emit wavelengths between 250 and 420 nm (72.6% UVB, 27.4% UVA, 0.01% UVC), with peak emission at 313 nm, according to the manufacturer. Cell viability was determined in 96-well plates by adding 10 ml MTT per well from the kit and incubation for 4 h. Isopropanol with 0.04 N HCl was added into each well according to the manufacturer's protocol. Absorbance at 570 nm was quantified with a Biotek plate reader. Apoptosis was determined by staining with propidium iodide (PI). In brief, cells were trypsinized and fixed in 70% ice-cold ethanol, and incubated at room temperature for 30 min with 50 mg/ml PI, 100 mg/ml RNase A (Sigma), 0.1% Triton X-100 and PBS (pH 7.4). Apoptotic cells were quantified by the subG 0 population using FACScan flow cytometry at the University of Utah core facility.
Phospholipid analysis
Cells at 80% confluence were labeled with 0.1 mCi/ml [ 32 P]orthophosphate for 16 h before UV irradiation. Cells were harvested 4 h after UV irradiation and subjected to subcellular fractionation by differential centrifugation as described earlier.
Lipids were extracted from each fraction using the Bligh and Dyer method (Bligh, 1959) , and resolved by TLC in a solvent containing chloroform : methanol : H 2 O : NH 4 OH (120 : 75 : 6 : 2) (Fine and Sprecher, 1982) . Cardiolipin (CL), PC and PE (Avanti Polar Lipids, Inc., Alabaster, AL, USA) were used for comigration and localization.
Determination of the mitochondrial transmembrane potential
HeLa cells were grown to 80% confluence in 96-well plates before UV irradiation or etoposide treatment. Cells were stained with JC-1 (Molecular Probe, Eugene, OR, USA) (10 mg/ml) for 20 min in the dark, and washed twice with PBS. The absorbance of JC-1 aggregates (590 nm) was measured by a Biotek fluorescence plate reader.
Quantification of ceramide
Mitochondrial ceramide was determined by the diacylglycerol kinase (DGK) method as described (Perry et al., 2000a; Bielawska et al., 2001) . Briefly, lipids extracted from isolated mitochondria were incubated at room temperature for 30 min with b-octylglucoside/dioleoyl-phosphatidyl glycerol micelles, 2 mM dithiothreitol, 5 mg DGK, and 2 mM ATP and 0.1 mCi [g-32 P]ATP in a final volume of 100 ml. Phosphorylated lipids were separated by TLC with the solvent containing chloroform : acetone : methanol : acetic acid : H 2 O (50 : 20 : 15 : 10 : 5). The migration of the phosphorylated C 2 , C 6 and C 16 ceramides and DAG was determined by commercial standards that were phosphorylated simultaneously with samples. The amounts of ceramide and DAG were quantified by scraping the spots and counting with a scintillation counter.
SM assays
HeLa cells were metabolically labeled by 0.5 mCi [ 3 H]choline for 48 h. Subcellular fractionation was performed and lipids were extracted as described earlier. For in vitro SMase assays, mitochondrial lipids were dried under nitrogen blow and resuspended in a buffer containing 0.19 M Tris-HCl (pH 7.4), 12 mM MgCl 2 and 0.2% Triton X-100 by vortex and sonication. SMase was added and incubated at 371C for 30 min before the reaction was stopped by addition of an equal volume of chloroform/methanol (2 : 1). Samples were vortexed and centrifuged for 5 min at 1000 g, and the upper aqueous phase was collected and the released 3 H was quantified (Zhang et al., 1997) TLC was performed with a solvent system containing chloroform : methanol : acetic acid : H 2 O (50 : 40 : 10 : 1). Commercial PC and SM were used as standards and visualized in an iodine vapor chamber.
